Osteopontin (OPN) is involved in various physiological processes and also implicated in multiple pathological states. It has been suggested that OPN may have a role in type 2 diabetes (T2D) by protecting pancreatic islets and interaction with incretins. However, the regulation and function of OPN in islets, especially in humans, remains largely unexplored. In this study, we performed our investigations on both diabetic mouse model SUR1-E1506Kþ/þ and islets from human donors. We demonstrated that OPN protein, secretion and gene expression was elevated in the diabetic SUR1-E1506Kþ/þ islets. We also showed that high glucose and incretins simultaneously stimulated islet OPN secretion. In islets from human cadaver donors, OPN gene expression was elevated in diabetic islets, and externally added OPN significantly increased glucose-stimulated insulin secretion (GSIS) from diabetic but not normal glycemic donors. The increase in GSIS by OPN in diabetic human islets was Ca 2þ dependent, which was abolished by Ca 2þ -channel inhibitor isradipine. Furthermore, we also confirmed that OPN promoted cell metabolic activity when challenged by high glucose. These observations provided evidence on the protective role of OPN in pancreatic islets under diabetic condition, and may point to novel therapeutic targets for islet protection in T2D.
Introduction
Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1), is a multifunctional protein distributed in many tissues and body fluids [1] . It is involved in various physiological processes such as bone metabolism, tissue remodeling, and cell signaling including proliferation and migration. Besides physiological functions, OPN is also implicated in multiple pathological states, such as cancer [2] , obesity [3] and atherosclerosis [4] .
Circulating OPN is elevated in patients with type 2 diabetes (T2D) [5, 6] ; and studies supported the view that OPN is a key component of adipose tissue inflammation and insulin resistance [7, 8] . There is emerging evidence suggesting a protective role of OPN in pancreatic islets and interaction with the incretin hormone glucose-dependent insulinotropic polypeptide (GIP) [9] . Studies including our own have shown that OPN prevented apoptosis and stimulated proliferation in islets and insulin-producing cells [9e11] . In pancreatic beta cells challenged by cytokine, OPN restored glucose-stimulated insulin secretion [9] . OPN was also shown to improve glucose-stimulated insulin secretion in diabetic rats with mild hyperglycemia [10] . Nevertheless, the regulation and function of OPN in islets, especially in humans, remains largely unexplored.
The aims of the present work were to study regulation of OPN gene expression, protein secretion, and the role of OPN in pancreatic islets under physiological and diabetic conditions. We performed our investigations in diabetic mouse model SUR1-E1506Kþ/þ, as well as in pancreatic islets from non-diabetic and diabetic human cadaver donors. We show that OPN gene expression and secretion is highly sensitive to elevated glucose levels and Abbreviations: OPN, Osteopontin; SPP1, secreted phosphoprotein 1; T2D, type 2 diabetes; GIP, glucose-dependent insulinotropic polypeptide; WT, wild-type; GSIS, glucose-stimulated insulin secretion; iOPN, intracellular OPN; sOPN, secreted OPN; STZ, streptozotocin.
incretins, and that OPN increased insulin secretion in human islets from diabetic donors. We also confirm a protective role of OPN in human islets by promoting cell metabolic activity when challenged by high glucose.
Materials and methods

Diabetic mouse model
The Sur1-E1506Kþ/þ mice have a knock-in mutation equivalent to the human mutation (E1506K) in the SUR1 (ABCC8) gene as previously described [12] . The mice were backcrossed (n ¼ 8) into C57BL6 background [13, 14] . Age-matched wild type littermates were used as controls. Our previous investigations have shown that Sur1-E1506Kþ/þ mice develop hyperglycemia from week 8 [15, 16] . All protocols were approved by the local ethics review board at Lund University and the Malm€ o/Lund Animal Care and Use Committee.
Immunostaining
The pancreas from Sur1-E1506Kþ/þ mice and wild-type (WT) littermates were formalin fixed and paraffin embedded. OPN immunostaining was performed using 1:1000 anti-OPN antibody (AKm2A1, Santa Cruz Biotechnology, sc-21742, Dallas, Texas, United States), detected by PowerVision Homo-mouse Poly-HRP-Histostaining Kit (KDM-7AEC, Leica, Wetzlar, Germany) and DAB substrate kit (ab64238, Abcam, Cambridge, United Kingdom).
mRNA extraction and quantitative RT-PCR
Mouse and human islet mRNA was extracted using RNeasy kit (QIAGEN, Venlo, Limburg, Netherlands) according to the manufacturer's instructions. RNA (1.5 mg) was reverse transcribed to cDNA using the first strand cDNA synthesis kit (Fermentas, Massachusetts, USA). mRNA expression was assessed by quantitative RT-PCR performed on a Prism 7900 Sequence Detection System by Taqman assay (Applied Biosystems, Foster City, California, United States). The assay numbers for mouse are: Gapdh Mm99999915_g1; Ppib Mm00478295_m1; Spp1 Mm00436767_m1. The assay numbers for human are: HPRT1 Hs02800695_m1; PPIB Hs00168719_m1; SPP1 Hs00959010_m1.
RNA sequencing
Total RNA was extracted from islets, fat, liver and muscles of cadaver human donors and RNA-seq libraries were prepared using TruSeq RNA sample preparation kit standard protocols (Illumina, San Diego, California, United States). Libraries were then sequenced on an Illumina HiSeq 2000 using paired-end chemistry and 100-bp cycles to an average depth of 32 M read pairs/sample. Reads were aligned to hg19 using STAR (version 2.4) and read count calculated by HTSeq-count and normalized using trimmed mean of M-values. Statistical inference for RNA-seq data was performed using the Rpackage 'limma'. Isoform abundances were calculated using RSEM (version 1.2.18).
Islet insulin and OPN secretion assay
Human islets were pre-incubated for 30 min at 37 C in a KRB buffer (pH 7.4) consisting of 120 mmol/l NaCl, 25 mmol/l NaHCO 3 , 4.7 mmol/l KCl, 1.2 mmol/l MgSO 4 , 2.5 mmol/l CaCl 2 , 1.2 mmol/l KH 2 PO 4 , 1 mmol/l glucose, 10 mmol/l HEPES at pH 7.4 and 1 mg/ml BSA. The medium was gassed with 95% O 2 and 5% CO 2 to obtain constant pH and oxygenation. Groups of twelve islets were incubated for 60 min at 37 C in 1 ml KRB buffer supplemented as indicated. Immediately after incubation, an aliquot of the medium was removed to determine insulin secretion by radioimmunoassay (RIA).
For OPN secretion assay, freshly isolated mouse islets were incubated using the same procedure. Culture medium from mouse islet incubation was then collected, and OPN secretion was measurement by ELISA according to the instructions from the manufacturer (Mouse Osteopontin ELISA, Cat. JP27351, IBL, Hamburg, Germany).
Assessment of cell metabolic activity
Pancreatic beta cell metabolic activity was measured by CellTiter 96 AQueous One Solution Cell Proliferation Assay Reagent (Promega, Stockholm, Sweden) according to the manufacturer's instructions. After a culture period of 24 h at 5 or 20 mmol/l, the dispersed beta cells were washed three times with fresh culture medium. Thereafter, the cells were incubated for 2 h in CellTiter 96 Aqueous One Solution Reagent before measuring absorbance at 490 nm with a 96-well plate reader.
Statistics
Data are expressed as the mean ± SEM. Statistical comparisons were performed using 2-tailed Student's t-test if not stated otherwise. Differences in human tissue gene expression were calculated using GLM model implemented in edgeR after log-transforming tested CPM normalization. Differences with p < 0.05 were considered statistically significant.
Results
Increased OPN protein expression, secretion and gene expression in diabetic mouse islets
Our previous investigations have shown that the diabetic mouse model SUR1-E1506Kþ/þ displays hyperglycemia as early as 8 weeks of age. By week 12e16, the SUR1-E1506Kþ/þ mice had well established hyperglycemia and reduced plasma insulin levels [15] . In the pancreatic islets of 12-week-old diabetic SUR1-E1506Kþ/þ mice, we observed highly elevated OPN protein expression when compared to their wild-type (WT) littermates identified by immunohistochemistry staining (Fig. 1AeB) . We also detected increased OPN secretion measured by ELISA (Fig. 1C) ; and elevated OPN (Spp1) gene expression by qPCR (Fig. 1D ) from isolated SUR1-E1506Kþ/þ islets compared to WT.
Increased OPN secretion in mouse islet in response to high glucose and incretins
To investigate if elevated OPN secretion in diabetic mouse islets is due to elevated blood glucose levels and if incretins have a putative role, we incubated isolated islets from normal glycemic WT mice in normal (5 mM) or high (16.7 mM) glucose in the presence and absence of GIP (100 nM) and GLP-1 (100 nM) for 1 h. Similar to the observation of increased OPN secretion in diabetic islets, we observed a 3-fold increase in OPN secretion in high glucose-treated WT mouse islets. Both GIP and GLP-1 increased OPN secretion which was significant for GIP at 5 mM glucose, and for GLP-1at 16.7 mM glucose (Fig. 2) .
Increased islet OPN (SPP1) gene expression in response to high glucose in humans
In humans, SPP1 mRNA expression was higher in islets than in fat, liver and muscles (Fig. 3A) . To study the correlation between islet SPP1 expression and HbA1c levels, we performed quantitative PCR on islets from donors of non-diabetic (ND), T2D with HbA1c<6.0% (42 mmol/mol), and T2D with HbA1c>6.5% (48 mmol/ mol) (Fig. 3B) . SPP1 expression was highest in the T2D patients with high HbA1c and lowest in the ND group; there was no significant difference between T2D with HbA1c<6.0% (42 mmol/mol) and ND. These observations suggest that elevated islet SPP1 expression is highly associated with increased glucose levels in humans.
OPN increased insulin secretion and cell metabolic activity from human diabetic islets
To examine the role of OPN on insulin secretion, we incubated human islets from diabetic and non-diabetic donors at 5 and 16.7 mM glucose, in the presence or absence of OPN (Fig. 4) . OPN doubled glucose-stimulated insulin secretion (GSIS) in diabetic human islets at high glucose (Fig. 4A) , but had no effect on GSIS in non-diabetic islets (Fig. 4B) . The stimulatory effect of OPN on insulin secretion in diabetic islets is Ca 2þ -dependent, which was confirmed using the Ca 2þ channel blocker isradipine that abolished the effect of OPN (Fig. 4A) . We also measured human islet cell metabolic activity by MTS assay in the presence of OPN. High glucose (20 mM) decreased cell metabolic activity in both diabetic and non-diabetic islet cells, which was completely reversed by co-incubation with OPN (Fig. 4C ).
Discussion
In this study we present evidence that OPN secretion from the mouse islets is increased by glucose with additive stimulation by incretins. In both humans and mice, elevated OPN gene expression was strongly associated with diabetic state. We observed that the stimulatory effect of OPN on glucose-stimulated insulin secretion (GSIS) was seen only in T2D human islets but no effect in islets from non-diabetic donors. We also confirmed the protective effect of OPN in promoting human islet cell metabolic activity when challenged by high glucose.
In our study, we chose to use the SUR1-E1506Kþ/þ mouse model, which mimics the human mutation in the K ATP channels that leads to congenital hyperinsulinism of infancy, and reduced insulin secretion and diabetes later in life [14] . This animal model is unique in the way that the insulin secretion coupling pathway in the beta cells is disturbed, which consequently leads to diabetes in the animal. This allows us to focus on the effects of beta cell dysfunction-induced hyperglycemia, rather than acute and extreme beta cell loss in the STZ-rat, or monogenic obesity-induced diabetes in the db/db mice which involves not only hyperglycemia but also dyslipidemia.
In the islets of diabetic mouse model SUR1-E1506Kþ/þ, we observed a 3-fold increase in OPN secretion (Fig. 1C) ; and a 5-fold increase in OPN (Spp1) gene expression (Fig. 1D) . The difference in protein and gene expression increases may be due to posttranslational modifications of the gene. OPN is encoded by a single copy gene, but exists in the form of three splice variants: the full-length isoform OPN a, OPN b which lacks exon 5, and OPN c which lacks exon 4 [17] . In gene expression analysis, the TaqMan assay that we used covers Spp1exon 5 to 8. The ELISA kit that we used for OPN secretion measurements uses antibody binds to the aspartate domain of OPN which is encoded by exon 1. Therefore, one likely explanation for the observed difference in OPN mRNA ; normal glycemic type 2 diabetics donors (T2DLA, HbA1c ¼ 4.3e6.0% < 23e42 mmol/mol>, n ¼ 6), or hyperglycemic T2D donors (T2DHA, HbA1c>6.5% < 48 mmol/mol>, n ¼ 9). *p < 0.05 vs. ND normal glycemic donors. and protein expression is that in gene expression assay we detected OPN a and c gene expression, while in ELISA assay we measured all three possible splice variants. Furthermore, islet OPN mRNA may produce both intracellular and secreted proteins, while ELISA detected only OPN protein secreted from the islets in the medium.
It has also been suggested that intracellular OPN (iOPN) has biological functions distinct from those of secreted OPN (sOPN) [18, 19] . Here we investigated how OPN secretion is regulated in the islets, and the effects of extracellularly added OPN on islet function. Previous clinical investigations found elevated circulating OPN levels in patients with obesity, which were further increased in obese diabetic or insulin resistant patients [20, 21] . Nevertheless, studies of adipose tissue from subjects with obesity revealed no secretion of OPN by adipose tissue [22] . We here provide clear evidence that OPN is secreted from pancreatic islets, which was elevated in diabetic islets, supporting the possibility that OPN secretion is involved in islet protection against hyperglycemia.
Increased OPN gene expression may be a consequence of the progressing diabetic state with decreasing insulin and increasing glucose, and that elevated OPN gene expression may serve as a compensatory mechanism to protect islets from the toxic effects of hyperglycemia. This view was further supported by our observation that OPN was only able to increase GSIS in diabetic islets in humans, but had no effect in non-diabetic islets (Fig. 4) . Similar observation in streptozotocin (STZ)-treated mice showed increased serum OPN, and pancreatic OPN mRNA and protein levels [10] . Another study using OPN knock out mice described that mice lacking OPN had lower serum insulin levels when challenged by high blood glucose levels induced by high fat diet [23] .
We also observed that elevation of GSIS by OPN in human diabetic islets is Ca 2þ -dependent (Fig. 4A) . OPN induced transient elevations in cytosolic Ca 2þ in osteoclasts [24] ; and active integrin binding has been shown to induce calcium influx through L-type calcium channel [25e28]. We speculated that similar mechanisms operate in pancreatic beta cells, which were confirmed by demonstrating that OPN-stimulated insulin secretion was abolished by a Ca 2þ--channel blocker isradipine.
Taken together, our study clearly demonstrates that glucose and incretins stimulated OPN gene and protein expression in both mouse and human pancreatic islets. Human pancreatic islets from diabetic donors exposed to OPN were able to increase GSIS, thereby creating conditions which might protect islet cells from the toxic effects of high glucose. Given that the effect of OPN on insulin secretion could be abolished by blocking Ca 2þ -channels, these observations may point to novel therapeutic targets for islet protection in T2D.
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